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014.02.0Abstract Chemical vapor deposition zinc sulﬁde (CVD ZnS) is widely used as an infrared window
material to transmit infrared signals, keep the aerodynamic shape and protect its imaging system,
which often suffers high temperature and complicated thermal stresses. The purpose of this paper
is to investigate the thermal shock damage of CVD ZnS through a ﬁnite element method and oxygen
propane ﬂame experiments. The ﬁnite element model is developed to simulate the temperature and
thermal stress ﬁelds by an oxygen propane ﬂame. Then, the thermal shock experiments are performed
to investigate the thermal shock damage behavior. The results show that the temperature rising rate
of the shock surface is fast during the initial heating stage resulting in high thermal stress. After the
thermal shock experiment, the scanning electron microscope (SEM) photographs shows that the
shock surface of the specimen becomes rough and the microcracks occur in the thermal shock zone.
Good agreements are achieved between the numerical solutions and the experimental results.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Chemical vapor deposition zinc sulﬁde (CVD ZnS) is widely
used as an infrared window material to transmit infrared
signals, keep the aerodynamic shape and protect its imaging
system, which often suffers high temperature and complicated1 86413233.
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23thermal stresses. Therefore, it is very important to understand
the thermal shock resistance of CVD ZnS.
The main methods to evaluate the thermal shock resistance
of materials are experiment and numerical simulation. Exper-
imental methods for determining thermal shock damage are
numerous. The main experimental methods are hardening,1–5
ﬂame striking,6,7 plasma arc heating,8,9 arc-heated tunnel,10,11
laser shocking12 and so on. The main test facilities for thermal
shock resistance are wind tunnels, but the experiments are very
costly. The thermal shock tests on the ground are usually used
to reduce the cost and give out a primary evaluation of the
materials. The oxygen propane ﬂame as a kind of simulation
thermal shock method is extensively used due to its low cost
and easy operation.SAA & BUAA. Open access under CC BY-NC-ND license.
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Fig. 2 Schematic of CVD ZnS specimen in thermal shock test.
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Tungsten through ﬁnite element method and laser irradiation
experiments and concluded that the critical power density
curves could be measured to evaluate the thermal shock
resistance of Tungsten. Shen et al.14 tested the ablation of zir-
conium carbide (ZrC) modiﬁed carbon/carbon (C/C) compos-
ites by oxyacetylene torch and showed that the formation of
zirconia form the oxidation of ZrC improved the ablation
resistance of the C/C composites. Jeong et al.15 proposed a
new damage criterion to predict the thermal shock damage
resistance of the brittle materials under a dynamic loading.
However, there is less experimental research for the thermal
shock damage of CVD ZnS.
The aim of this work is to study the thermal shock behavior
of CVD ZnS. A ﬁnite element model is developed to simulate
the temperature and thermal stress ﬁelds by an oxygen pro-
pane ﬂame. A brief description of the experimental system is
ﬁrst given in Section 2. Numerical method and simulation con-
ditions are described in Section 3. Numerical and experiment
results are presented and discussed in Section 4. Finally, a sum-
mary of the main conclusions is given in Section 5. In addition,
the thermal shock experiments are performed to investigate the
thermal shock damage behavior. Temperature will be mea-
sured and microscope pictures will be observed to evaluate
the damage of CVD ZnS. To compare the simulation with
experimental results, the geometry of the specimen and ther-
mal condition used in the simulation will be the same as that
used in the experiment.
2. Thermal shock test
In this study, the oxygen propane thermal shock facility
includes a thermal shock system and a set of temperatures
detecting system (see Fig. 1). The thermal shock system
includes a specimen holder made of graphite and an oxygen
propane gun, and the detecting system includes an infrared
thermometer used for measuring the shock surface tempera-
ture and a thermocouple employed to measure the back
surface temperature during the heating process. The error
scales of the thermocouple and infrared thermometer are
±0.75%T and ±0.3%T ±1 C (T is the measured tempera-
ture), respectively. The schematic of the CVD ZnS specimen
and graphite holder in this test is shown in Fig. 2. A circular
specimen (OACD) with radius AC (R) 10 mm and thickness
OA (d) 3 mm is set on a graphite holder (DCEFGH). r is the
radial direction and the y axis is the symmetry axis. The inner
radius AE (R1), outer radius OH (R2) and thickness EF (d1) of
the graphite holder are 20 mm, 8 mm and 10 mm, respectively.Fig. 1 Schematic of oxygen–propane experiment.The thermal shock resistance of the specimen is tested with an
oxygen propane torch, and the oxygen propane ﬂame is paral-
lel to the axial orientation of specimen. The circle of radius AB
(r0 = 4 mm) is the central regions of ﬂame strike. The ﬂuxes of
oxygen and propane are 2.5 m3Æh1 and 1.0 m3Æh1, respec-
tively. After calibration, the heat ﬂux on the specimen received
from the ﬂame is 563.8 kWÆm2. The inner diameter of the
nozzle is 2 mm. The distance between the nozzle tip and the
specimen is 300 mm. The heating process lasts 10 s.
3. Numerical simulation
3.1. Mathematical and physical model
The modeling is based on the thermal shock experiment.
According to the characteristics of the problem, an axisymmet-
ric model is used in the following simulation. The heat transfer
model is presented in Fig. 3. h0, h0(r) and h1 are the heat trans-
fer coefﬁcients of the central regions of ﬂame strike (AB), edge
regions of the specimen (BC), and graphite holder and rear
surface of the specimen (CE, EF, FG, GH and OH).
The temperature distribution can be extracted by solving
the classical heat equation for the axisymmetric problem as16,17
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where q is the density, kgÆm3; c is the speciﬁc heat,
kJÆ(kgÆK)1; T is the temperature, K; t is the time, s; k is the
thermal conductivity, WÆ(mÆK)1.O
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Fig. 3 Illustration of heat transfer model.
268 Y. Liu et al.The initial and general boundary conditions are introduced
as follows:
k@T
@n

sc
¼ hðTs  TeÞ ð2Þ
where oT/on is the normal temperature gradient, KÆm1; sc is the
time constants, s; h is the heat transfer coefﬁcient,WÆ(m2ÆK1);
Ts is the temperature of the specimen, K; Te is the ambient
temperature, K.
h(r) is given by the following functions18:
AB : hðrÞ ¼ h0 0 6 r 6 r0
BC : h0ðrÞ ¼ h0
r
r0 r0 6 r 6 R
CD;DE;EF;FG and GO : h1 ¼ const
Under the experimental condition, the heat transfer
coefﬁcients h0 obtained from the experiment and h1 chosen
from the natural convection heat transfer coefﬁcient
(5–10 WÆ(m2ÆK1))19 are 10100 WÆ(m2ÆK1) and
8 WÆ(m2ÆK1), respectively.
Meanwhile, radiation heat transfer exists between the upper
and rear surfaces and the environment. The condition is intro-
duced as follows:
k @T
@n
¼ erðT4s  T4eÞ ð3Þ
where e is the emissivity; r is the Stefan–Boltzmann constant
(r= 5.67 · 108 WÆ(m2ÆK1)).
The equilibrium equation is written as20,21
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where rr, ry and rh are the normal stresses, Pa; syr and sry are
the shearing stresses, Pa; fr and fy are components of the body
force, NÆm3.
The stress–strain relations are given as22–24
rr
rh
ry
sry
2
664
3
775 ¼ Eð1þ lÞð1 2lÞ
1 l l l 0
l 1 l l 0
l l 1 l 0
0 0 0
1 2l
2
2
66664
3
77775
er  ð1þ lÞaDT
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775 ð5ÞTable 1 Mechanical and thermo-physical properties of CVD ZnS.
Temperature (K) Density (kgÆm3) Thermal
conductivity (WÆ(mÆK)1)
Speciﬁc
heat (JÆ(k
293.15 4090 29.958 515
373.15 4090 20.852 515
473.17 4090 14.276 515
573.15 4090 10.725 515
673.15 4090 8.807 515
773.15 4090 7.771 515
873.15 4090 7.211 515
973.15 4090 6.909 515
1073.15 4090 6.746 515where er, ey and eh are the linear strains, m; cry is the shear
strain, m; E is the elastic modulus, MPa; l is the Poisson’s ra-
tio; a is the thermal expansion, K1; DT is the increment of
temperature, K.
The mechanical and thermo-physical properties of CVD
ZnS taken from other tests are listed in Table 1.
3.2. Mesh generation
The computational domain is discretized by a structured quad-
rilateral sweep grid. To test the grid sensitivity, four grids with
different resolutions were examined prior to validating their
results. The coarse, medium, ﬁne, and very-ﬁne grids contain
approximately 940, 1674, 3600 and 14400 elements, respec-
tively. The max Von Mises stress at 1 s for the four grids are
173.743 MPa, 176.581 MPa, 178.655 MPa and 178.545 MPa,
respectively. The ﬁne and the very-ﬁne grids yield almost the
same max Von Mises stress. Hence, the ﬁne grid is used in this
work to save computation time.4. Results and discussion
4.1. Numerical simulation results
4.1.1. Transient temperature ﬁeld
Transient temperature distributions at 1 s, 3 s, 5 s and 10 s with
a heat ﬂux of 563.8 kWÆm2 are shown in Fig. 4(a)–(d), respec-
tively. Fig. 4 shows that the maximum temperature occurs at
the center of the shock surface and the minimum temperature
occurs at the edge of the back surface. The temperature de-
creases from shock surface to the back surface and from center
to surrounding. The central temperature of the shock surface is
up to 939.704 K at 1 s, while the central temperature of back
surface is up to about 600 K. Therefore, the temperature dif-
ference between the center of the shock surface and back sur-
face is great in the specimen.
Fig. 5 provides the central temperature curves on the shock
surface and the back surface of the CVD ZnS. It can be seen
from Fig. 5 that the central temperature rising rate of the
shock surface is fast during the initial heating stage. In con-
trast, the central temperature rising rate of the back surface
is slower. During the initial stage (0–2 s), the temperature rises
fast, and the temperature changing trend is severely affected by
the original temperature ﬁeld of the specimen. As time passes
(>2 s), the temperature distribution remains stable. The inﬂu-
ence of the original temperature ﬁeld gradually disappears, andgÆK)1)
Thermal
expansion (106 K1)
Elastic
modulus (MPa)
Poisson’s
ratio
Emissivity
6.6 93.44 0.28
7.3 92.67 0.28
7.7 91.6 0.28 0.0426
90.41 0.28
89.1 0.28 0.0370
87.37 0.28 0.0481
86.13 0.28 0.0227
84.47 0.28
82.7 0.28
Fig. 4 Transient temperature ﬁelds at different times.
Fig. 5 Central temperature curves on the shock and back surface
of the CVD ZnS.
ig. 6 Central temperature difference variation with thermal
hock time.
Fig. 7 Transient thermal stress ﬁeld at different times.
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pended on the heating process.
Fig. 6 provides the central temperature difference variation
with thermal shock time. The central temperature difference
reaches the maximum value in an extremely short time and
then decreases. After 4 s, the temperature difference of the
shock and back surfaces is almost stable. The maximal temper-
ature difference is about 400.288 K after a heating time of
0.6 s.
4.1.2. Transient thermal stress ﬁeld
Transient thermal stress distributions at 1 s, 3 s, 5 s and 10 s
with a heat ﬂux of 563.8 kWÆm2 are shown in Fig. 7(a)–(d),F
srespectively. Fig. 7 shows that the maximum thermal stress oc-
curs at the center of the shock surface at the beginning of the
heating process, and then it changes to the edge of the shock
surface at the end of the heating process. The maximum ther-
mal stress is up to 126.319 MPa at 1 s. The crack initiates from
the thermal shock ablation region and then propagates to-
wards outside along radius.
Distribution of the maximum Von Mises stress with ther-
mal shock time is shown in Fig. 8. The Von Mises stress
reaches its maximum (173.655 MPa) after a heating time of
0.2 s. Compared with Figs. 6 and 8, the change trend of stress
is the same as that of the temperature difference. When the
temperature difference increasing rate is almost stable, the
stress increases slowly with time.
Fig. 8 Distribution of maximum von Mises stress of shock
surface with thermal shock time.
Fig. 9 Temperature distribution with time of the CVD ZnS.
Fig. 11 SEM photographs of the shock surface of the specimen.
Fig. 10 Macroscopical photographs of CVD ZnS.
270 Y. Liu et al.4.2. Experimental results
The thermal shock experiments are performed to investigate
the shock surface temperature by an infrared thermometer
and the back surface temperature by a thermocouple, as shown
in Fig. 9. During the thermal shock process, the central tem-
perature rising rate of the shock surface is fast during the ini-
tial heating stage and a larger temperature difference is
generated resulting in a high thermal stress. After that, the
temperature remains constant which means the material enters
the thermal shock resistance phase. It is also seen from Fig. 9
that the experimental results agree well with numerical simula-
tion. The difference between the experimental and numerical
curves is because the numerical simulation ignores the factors
of air velocity, room temperature, ﬂame stability etc. Com-
pared to the numerical curve, the experimental results have
some delay, but at the end, the experimental and numerical
temperature tends to the same.
Fig. 10(a) is the macroscopical photograph of CVD ZnS
before thermal shock experiment. The specimen is intact.
Fig. 10(b) is the macroscopical photograph of CVD ZnS after
thermal shock experiment showing yellow granules on the
heating surface. It can be seen that the crack initiates from
the shock region and then propagates towards outsides.
Fig. 11 is the scanning electron microscope (SEM) photo-
graphs of the shock surface of the specimen with differentresolutions. Fig. 11(a) shows the SEM photographs before
thermal shock. It can be seen that the surface is smooth.
Fig. 11(b) is the photographs of the edge of the shock surface
after thermal shock. It is observed from the images that the
surface becomes rough and ablation craters appear.
Fig. 11(c) shows the photographs of the center of the shock
surface after thermal shock. The surface also becomes rough
and obvious microcracks occur in the thermal shock zone. It
is noticed from the image that the damage of the thermal shock
zone is more severe than that in other regions. The micro-crack
affects the heat transfer rate conversely. The thermal shock
damage is different from the sides of the micro-cracks because
the thermal conductivity of the micro-crack region decreases.
It can be concluded that the initial radial cracks appear near
the thermal shock zone and then propagate to the side face
of the specimen, which depends on the fracture toughness of
CVD ZnS specimen and the corresponding cooling conditions.
Thermal shock damage behavior of CVD ZnS by oxygen propane ﬂame: A numerical and experimental study 2715. Conclusions
(1) In the heating process, the temperature rising rate of the
shock surface is fast during the initial heating stage and
a large temperature difference is also produced during
this time resulting in high thermal stress. Good agree-
ments between numerical simulation and experiment
results are achieved.
(2) In the ﬁnite element simulations, transient thermal stress
ﬁelds show that the crack initiates from the thermal
shock region and then go on propagating along the
radial direction near the top surface until to the side face
of the specimen.
(3) After the thermal shock experiment, the shock surface of
the specimen becomes rough and the microcracks occur
in the thermal shock zone. Hence, the material suffers
thermal shock damage during the thermal shock process.
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